Summary Spectral reflectance and chlorophyll fluorescence are rapid non-invasive methods that can be used to quantify plant stress. Because variation in ambient light (e.g., diurnal patterns of solar radiation) may have a confounding effect on these measurements, branches are often excised in the field and then measured under controlled conditions in the laboratory. We studied four temperate tree species (Abies balsamea (L.) Mill. (balsam fir), Betula papyrifera var. cordifolia (Regel) Fern. (paper birch), Picea rubens Sarg. (red spruce) and Sorbus americana Marsh. (mountain-ash)) to determine how quickly reflectance and fluorescence change following branch cutting. We hypothesized that conifer species, which have tough xeromorphic foliage, would exhibit changes more slowly than broadleaf species. Furthermore, we hypothesized that keeping broadleaf samples cool and moist would delay the onset of reflectance and fluorescence changes. In one set of experiments, we did not use any treatments to maintain the freshness of cut branches. During the first 12 h following cutting, changes in reflectance and fluorescence were slight for all species. Two or 3 days after branch cutting, the two conifers still showed only small changes in the ratio of variable to maximum fluorescence (F v /F m ) and most reflectance indices, whereas paper birch and mountain-ash showed larger and more rapid declines in F v /F m and most reflectance indices. We attribute these declines to loss of water. As a consequence of xeromorphic leaf structure, the conifers were better able to minimize water loss than the two broadleaf species. In another experiment, paper birch that had been kept cool and moist after cutting showed only slight changes in fluorescence and reflectance, even after 3 days, indicating that with careful handling the time interval between collection and measurement of reflectance and fluorescence of many broadleaf specimens can be extended to several days. We conclude that measurements of reflectance and fluorescence need not be made in situ to be accurate and reliable.
Introduction
In many physiological studies, especially those dealing with gas exchange, branches are cut from a tree crown and then analyzed either on the ground or in a laboratory (e.g., Dang et al. 1997 , Schaberg et al. 1998 , Bolstad et al. 1999 ). This approach is taken for two reasons. First, it is usually easier and much less expensive to cut a branch from a tree crown than to erect scaffolding or a canopy-crane to measure uncut branches. Second, greater control over environmental conditions in the laboratory often makes cutting branches preferable to in situ measurements (Watts and Neilson 1978 , Beadle et al. 1985 , Dang et al. 1997 .
However, the validity of cut branch studies has been questioned because branch cutting itself, or the delay between branch cutting and measurement, or both, may affect the variables being measured. For example, Meng and Arp (1993) showed that net photosynthesis of cut twigs declined immediately and continually following branch cutting, because continued transpiration caused a draw down of leaf water potential and gradual stomatal closure. In contrast, Dang et al. (1997) found that when branches of several boreal species were recut under water, neither photosynthesis nor conductance differed significantly between cut and uncut branches. The magnitude of the effect of branch cutting on the variable measured may depend on leaf morphology and physiology.
Spectral reflectance and chlorophyll fluorescence have been used with increasing frequency to probe plant physiology. Reflectance, in particular, is often measured in the laboratory on branches or individual leaves that have been harvested in the field , Blackburn 1998 , Datt 1998 , Ourcival et al. 1999 , Feild et al. 2001 , Richardson et al. 2001 . However, it is not known how quickly reflectance and fluorescence change following branch cutting, or whether such changes affect commonly used reflectance indices.
Fluorescence and reflectance have proven especially effective for quantifying the effects of environmental stress, such as drought, extreme temperature, nutrient deficiency or pollution, on plant function (Jackson 1986 , Carter 1991 , 1993 , 1994 , Aldakheel and Danson 1997 , Peñuelas and Filella 1998 , Adams et al. 1999 , Chaerle and Van Der Straeten 2001 , Rich-ardson et al. 2001 ). Leaf reflectance is determined by, among other factors, the biochemical components of the leaf, including pigment concentrations-some of these (e.g. chlorophylls, carotenoids and xanthophylls) are known to be affected by plant stress (Jackson 1986 , Carter 1993 , 1994 , Gitelson and Merzlyak 1994 , Richardson et al. 2001 . Stress-related decreases in pigmentation cause increases in visible reflectance; near infrared reflectance will increase if stress leads to foliar dehydration (Carter 1993 (Carter , 1994 . The kinetics of chlorophyll fluorescence and the ratio of variable to maximum fluorescence (F v /F m ) are known to be indicative of the electron flow in Photosystem II (PS II). This can be directly related to the overall efficiency or health of a leaf's photochemical apparatus, which is impaired by stress (Bolhàr-Nordenkampf et al. 1989 , Krause and Weis 1991 , Ball et al. 1994 .
Portable spectrometers and fluorometers have made it possible to measure leaf reflectance (e.g., Gamon and Surfus 1999) and fluorescence (e.g., Bolhàr-Nordenkampf et al. 1989) in the field. However, high irradiance can be a stress for the plant: diurnal changes in solar radiation can result in midday photoinhibition, which may affect (through altered leaf physiology and light processing) reflectance and fluorescence measurements (Haupt and Scheuerlein 1990 , Krause and Weis 1991 , Peñuelas and Filella 1998 . Thus, it is necessary to standardize the light environment in which reflectance and fluorescence measurements are made if comparisons are to be made across (or even within) sampling dates. Dark adaptation is an obvious way to standardize the light environment, but may be difficult to accomplish in the field if a large number of samples are required, or if the upper crowns of mature trees are being studied. Our solution has been to cut branches from the study trees and then make measurements on dark-adapted samples in a darkened room.
In this study, we assessed if branch cutting has either an immediate or long-term effect on leaf reflectance or chlorophyll fluorescence, and if these effects vary between broadleaf and conifer species. We hypothesized that conifer species, with their tough, xeromorphic foliage, would exhibit changes more slowly than broadleaf species.
Materials and methods

Species and study sites
We cut branches from trees of four important species common to the mountains of northern New England and upstate New York. Abies balsamea (L.) Mill. (balsam fir) and Picea rubens Sarg. (red spruce) are shade-tolerant conifers found at all but the highest elevations. These species generally dominate the forests between roughly 700-900 m and the alpine treeline, which occurs around 1200-1400 m. The other species, Betula papyrifera var. cordifolia (Regel) Fern. (mountain paper birch) and Sorbus americana Marsh. (mountain-ash) are deciduous broadleaf species common at higher elevations. These species are generally found at or above the limits of the northern hardwood (beech-sugar maple-yellow birch) forest.
We assessed the effects of branch cutting on changes in fluorescence and reflectance over time. Field experiments were conducted in the White Mountains (at 250 m near Campton, NH), the Adirondacks (at 250 m near Wilmington, NY) and the Green Mountains (at 1000 m on the east slope of Mt. Mansfield, VT). For spruce and fir, we used foliage from the previous year's growing season. For birch and mountain-ash, we used mature fully expanded leaves.
Chlorophyll fluorescence
We measured fluorescence with an OS-500 Modulated Fluorometer (Opti-Sciences, Tyngsboro, MA). The instrument has a trifurcated fiber-optic probe with a terminal diameter of 0.8 cm (0.5 cm 2 measuring area). Following convention, we used F o to denote minimal fluorescence, which occurs when all PS II reaction centers are open. Maximal fluorescence, which occurs when all reaction centers are closed, was denoted F m . The difference between F o and F m is variable fluorescence, F v . When measured on dark-adapted leaves, F v /F m is proportional to the maximum potential quantum yield of photosynthesis (Bolhàr-Nordenkampf et al. 1989) . To test for changes in F v /F m , both with branch cutting and over time, we began by measuring fluorescence of spruce and fir at night (when the samples were dark-adapted) and while the branches were still attached to the tree. We then cut the branches and promptly remeasured each branch in the field laboratory. The branches were kept in a darkened room and remeasured at 12-h intervals for the next 2 days. Six branches were used per species, and 18 measurements were made on each branch during each measuring period. For birch and mountain-ash, we did not measure fluorescence before branch cutting, but the methods were otherwise similar to those for spruce and fir. At each measuring period, 10 measurements were made on each of six branches for birch, and 10 measurements were made on each of 10 branches for mountain-ash.
Leaf reflectance
We used a UniSpec Spectral Analysis System (PP Systems, Haverhill, MA) to measure spectral reflectance at wavelengths from 306 to 1138 nm. The instrument has a reported Raleigh resolution of < 10 nm, and the 256 bands sampled by the detector are spaced at 3.3-nm intervals. The instrument has a bifurcated fiber-optic probe and an internal 6.8 W halogen lamp. The instrument's regular foreoptic (2.3 mm diameter, 4.1 mm 2 measuring area) was used for the two broadleaf species; a mini-foreoptic (1.0 mm diameter, 0.8 mm 2 measuring area) was used for the two conifer species. Individual leaves were held in a black plastic PVC leaf clip at a 60°angle relative to the foreoptic. A Spectralon reflectance standard was regularly referenced and scans were corrected for the instrument's dark current. Each scan represented the mean of six passes and the instrument's integration time was set at 65 ms.
To test for the effects of branch cutting on leaf reflectance of birch, spruce and fir, we measured reflectance of 10 leaves from each of six branches per species. The first measurements were made at night on uncut branches; we then cut the branches and promptly remeasured reflectance in a darkened room. Twelve hours later the reflectance measurements were repeated.
To test for changes in reflectance over the long term following branch cutting, we made 10 reflectance measurements on each of 10 branches of spruce, fir, birch and mountain-ash promptly after branch cutting, and then at 24-h intervals for the next 3 days.
In all cases, branches were kept in a darkened room below 20°C after cutting. Because we were interested in quantifying changes under reasonable "worst case" transport and storage conditions, we did not attempt to reduce desiccation, or take precautions to extend the longevity of the samples.
Treated branches
Two additional experiments were conducted in the laboratory with 2-year-old greenhouse-grown seedlings of paper birch. To determine if we could prolong the useful life (which our field studies indicated was less than 24 h) of broadleaf samples following branch cutting, we attempted to minimize desiccation of cut branches by (1) keeping samples wrapped in a cool, moist paper towel inside a plastic bag; and (2) keeping samples wrapped in a cool, moist paper towel inside a plastic bag inside a freezer chest filled with ice. In both experiments, we measured fluorescence and reflectance of six branches (10 measurements per branch) immediately after cutting and then at 24-h intervals for the next 3 days.
Leaf reflectance calculations
The percent reflectance spectrum for each leaf was calculated as R λ = 100 × leaf radiance at wavelength λ/reflectance standard radiance at wavelength λ. We used four reflectance indices (NDVI (Normalized Difference Vegetation Index), Chl NDI (Chlorophyll Normalized Difference Index), λRE (red edge position) and PRI (Photochemical Reflectance Index)) to characterize the complex spectra and make comparisons among species and over time. These indices are based on the reflectance properties of the pigments and biochemical components in leaves.
The spectral indices, NDVI, Chl NDI and λRE, which are all strongly correlated with leaf chlorophyll content (Richardson et al. 2002) , are based on the observation that chlorophyll absorbs strongly in the red but little or not at all in the near infrared (Gamon and Qiu 1999) . This sharp transition from low reflectance (about 5%) around 680 nm to high reflectance (30-50%) around 800 nm is known as the "red edge," and it is a characteristic of green vegetation. In remote sensing studies, NDVI is often used as an index of "greenness" or plant biomass, and it has been linked to both primary production and photosynthetic energy capture (Gamon and Qiu 1999) .
The normalized difference vegetation index was calculated as NDVI = (R 750 -R 675 )/(R 750 + R 675 ) (Gamon and Qiu 1999) . The Chl NDI is a modified version of the NDVI, but it is more sensitive when leaf chlorophyll content is high because R 705 does not saturate as readily as R 675 . At the leaf level, Chl NDI is a better indicator of chlorophyll content than NDVI (Richardson et al. 2002) . We calculated Chl NDI as (R 750 -R 705 )/ (R 750 + R 705 ) Merzlyak 1994, Gitelson et al. 1996) .
The red edge position (Curran et al. 1990 ) is the wavelength λ (nm) of the maximum slope of the reflectance spectrum at wavelengths between 690 and 740 nm. Red edge λ (λRE; nm) was determined as the local maximum of the first-difference spectrum, calculated as (R n -R n-1 )/(λ n -λ n-1 ), over this range. The first-difference spectrum measures how much reflectance changes from one wavelength to the next: it is a measure of the slope of the raw reflectance spectrum.
The photochemical reflectance index, which was calculated as PRI = (R 531 -R 570 )/(R 531 + R 570 ) (Gamon et al. 1997) , is correlated with the epoxidation state of xanthophyll cycle pigments and photosynthetic radiation-use efficiency (net photosynthesis/incident PAR) (Gamon et al. 1992 , Peñuelas et al. 1995 .
Statistical analysis
We used a significance level of α = 0.05 for all tests. We tested for differences in F v /F m and reflectance index values between two periods using two-tailed paired (by branch number) t-tests for each species. Because there was weak evidence (e.g., possible non-normality or outliers) that the data might not meet the assumptions of the paired t-test, we also used a non-parametric paired sign test. In some cases the two tests did not agree, probably because of the small sample size (n = 6 or n = 10 branches per species) and hence low statistical power. In these cases, we pooled the data for similar species (i.e., spruce pooled with fir, birch pooled with mountain-ash). Because the basic assumptions of the paired t-test appeared to be met by the pooled data, we used this test rather than the less powerful paired sign test.
We assessed the significance of temporal trends across multiple time periods by analysis of covariance (ANCOVA), with time since branch cutting as the covariate, and branch number as a blocking factor. Model diagnostics and analysis of residuals indicated that the data met the basic model assumptions of constant error variance, independence and normality of error terms and homogeneity of response to the covariate.
Results
Visual appearance
There were no visible changes in spruce and fir foliage on excised branches and needle loss was minimal even after 72 h. Mountain-ash and birch branches showed visible signs of desiccation 12 h after excision. After 24 h, many mountain-ash leaves were dry, crisp and fragile. On some birch branches, the leaves were similarly lacking in turgor, but other branches (generally those with tougher thick leaves characteristic of sun foliage) were little affected.
Chlorophyll fluorescence
Branch cutting had no immediate effect on F v /F m in either spruce (P = 0.98) or fir (P = 0.76). However, 12 h after branch cutting, F v /F m had dropped by 0.005 in both species; a t-test on the pooled conifer data indicated that this drop was significant (P < 0.01). This change was small compared with the differ-ence between species (e.g., 0.013 at 12 h), which was similar across all measuring periods (cf. Figure 1A) .
During the 48 h after branch cutting, F v /F m showed a significant negative correlation (P < 0.01) with time since branch cutting for each of the four species (Figure 1) . However, the magnitude of the change in F v /F m varied between species. In mountain-ash and birch, F v /F m declined by 60% over this period, whereas the decline was less than 2% in spruce and fir. For the conifers, the mean decline in F v /F m of < 2% over the first 48 h following branch cutting was of the same magnitude as the variability in measurements on a single branch for spruce and fir (CV% = 1.6 and 2.2%, respectively).
Decreases in birch F v /F m associated with branch cutting were reduced when the samples were kept moist. Samples kept moist and on ice showed a small but significant drop (0.014, P < 0.01) in the first 24 h. Those kept moist but not on ice did not decline significantly in the first 24 (P = 0.63) or 48 h (P = 0.77), although the drop after 72 h (0.014) was significant (P = 0.02), and there was a significant negative correlation between time since cutting and F v /F m (P < 0.01). Overall, however, F v /F m ratios were more stable in birch branches kept moist than in birch branches that were allowed to dry out ( Figure 1B) .
The declines in F v /F m of birch and mountain-ash foliage can be attributed to increases in F o and concurrent declines in F v ( Figure 1C ). For example, in mountain-ash, F o doubled and F v declined by more than 80% in the 48 h after branch cutting, resulting in a nearly 70% drop in F v /F m .
Reflectance spectra
In the 72 h following branch cutting, the reflectance spectra of all four species changed most in the infrared and least in the visible wavelengths, although increases in reflectance at all wavelengths were observed (Figure 2 ). Changes in reflectance spectra were more pronounced and more complex in the broadleaf species than in the conifer species (Figure 3 ). Other than slight (≤ 5%) increases in reflectance above 700 nm (infrared), spruce and fir needles showed few spectral changes in response to branch cutting. In contrast, branch cutting caused changes in the shape of the reflectance spectra of the broadleaf species. In particular, the transition from red edge to near infrared plateau occurring between 700 and 750 nm became less sharp over time, and there were also changes around 520, 700 and 740 nm (Figure 3) . Increases in green-yellow reflectance (500-600 nm) were evident in all species, but were most pronounced for mountain-ash.
The first-difference spectra of the two conifers changed little over 72 h, although the first-difference peak around 700 nm (the red edge) increased slightly ( Figure 4A ). The first-difference spectra of birch and mountain-ash showed larger changes over time, especially around 500 nm (carotenoids), from 650 to 720 nm (chlorophyll), and in the infrared region (750 nm and beyond) ( Figure 4B ).
Reflectance indices
Within a species, there was no immediate effect of branch cutting on any reflectance index (all P > 0.05). Twelve hours after cutting, the only significant change was an increase in conifer PRI from 0.002 (before cutting) to 0.016 (P < 0.01, data pooled for the two species); the pattern was similar (although not significant) in birch. For mountain-ash, we did not measure reflectance before branch cutting, but PRI was significantly lower (P < 0.01) 12 h after cutting than immediately after cutting; however, the other indices (NDVI, Chl NDI, λRE) did not change significantly in this 12-h period. The short-term increase in PRI observed in three of the four species contrasts with the general long-term decline in most reflectance indices, including PRI, in the broadleaf species. All four indices showed a negative correlation with time since branch cutting (P < 0.01) over the first 72 h for both broadleaf species ( Figure 5 ). In contrast, spruce and fir showed no significant correlations (P > 0.05) for these indices over the same period.
Changes in index values can be related to changes in the original spectra (Figures 2 and 3) or the first-difference spectra (Figure 4 ). For example, in birch and mountain-ash, the large changes in reflectance from 500 to 600 nm can be directly tied to the decline in PRI. The shift in the red edge for birch and mountain-ash is apparent in the first-derivative spectra (Figure 4B) , but no such shift took place in spruce ( Figure 4A ) or fir.
Changes in reflectance indices associated with time since branch cutting were reduced when birch leaves were kept moist (e.g., Chl NDI and PRI in Figure 6 ). For samples not kept on ice, some of the measured indices were significantly different at 24, 48 and 72 h after branch cutting compared with immediately after branch cutting. However, no patterns were discerned, except that PRI was positively correlated with time since cutting (P < 0.01) ( Figure 6B ). In samples kept on ice, no trends were evident for any of the indices studied (all P > 0.05).
Discussion
Most of the changes in reflectance and fluorescence over time following branch cutting were traced to the primary and secondary effects of reduced water content on leaf physiology (Carter 1993) . Consequently, the magnitude of the observed changes was directly related to leaf type and the ability of the foliage to minimize water loss. The two conifers, spruce and fir, showed only minor changes in measured reflectance and fluorescence indices, even 3 days after branch cutting. Furthermore, there were no visible changes in the appearance of spruce and fir foliage over this time period. In contrast, severe foliage desiccation of the broadleaf specimens was apparent after less than 1 day if water loss was not minimized by wrapping the cut branches in moist paper towel. Large changes in physiological indices were associated with foliage desiccation. We conclude that the difference in response to branch cutting between conifer and broadleaf species is related to the ability of coniferous foliage to minimize water loss. The foliage of both red spruce and balsam fir is characterized by xeromorphic traits, including heavily lignified tissue, a thick waxy cuticle, and a low surface area/volume ratio.
Values of F o increase when PS II reaction centers are damaged (Bolhàr-Nordenkampf et al. 1989) . In the broadleaf species, increases in F o and decreases in F v following branch cutting led to a sharp decline in F v /F m , indicating impairment of the photosynthetic apparatus. Furthermore, water stress is known to directly impede electron donation in PS II (essential for the reduction of chlorophyll), which is reflected as a decrease in F v (Govindjee et al. 1981) . Therefore, the changes observed in chlorophyll fluorescence of birch and mountain-ash following branch cutting can probably be attributed directly to the effects of reduced leaf water potential on electron flow in PS II.
A reduction in leaf water content typically causes an increase in reflectance across the entire spectrum from 400 to 2500 nm (Carter 1991) . However, increased reflectance of visible wavelengths has also been attributed to decreased pigment absorption as a direct consequence of water stress (Carter 1991, Aldakheel and Danson 1997) . In addition, Aldakheel and Danson (1997) hypothesized that increases in near infrared reflectance in response to foliage desiccation are related to TREE PHYSIOLOGY ONLINE at http://heronpublishing.com changes in leaf structure at the cellular level. As water stress becomes severe, the cytoplasm shrinks and changes in light scattering at cell wall-water-air interfaces occur (Carter 1991) .
In the absence of sufficient cytoplasmic fluid, there is a slow breakdown of photosynthetic pigments, even if leaves are not exposed to additional stressors, such as high light or temperature. In the case of birch and mountain-ash, decreases in the red edge position (which did not occur until between 24 and 48 h after branch cutting) are evidence of chlorophyll degradation. This is the "blue-shift" that has often been observed in stressed plants (Carter 1993) . Further evidence of chlorophyll degradation is the broadening of the reflectance peak around 550 nm, observed as slight leaf yellowing (Adams et al. 1999) . Shifts in the red edge, and increased reflectance across the range 500-600 nm, were minimal in the two conifers because their xeromorphic leaf structure minimized water loss and consequent chlorophyll breakdown.
Branch cutting had no effect on reflectance and fluorescence of spruce and fir even several days after excision. Within the first 12 h following branch cutting, changes in reflectance and fluorescence of all species were minimal, even when samples were not kept cool or moist. At longer periods after branch cutting, birch and mountain-ash showed significant declines in many of the indices studied when no steps were taken to minimize water loss. These declines, which can be interpreted as bias in the measurements, generally increased with time since branch cutting. However, it should be kept in mind that measurements made under controlled conditions on dark-adapted leaves probably have lower variance than those measured in the field on leaves exposed to diurnal variation in solar radiation. Thus there is a trade-off between bias and variance: bias can be reduced by analyzing samples in 504 RICHARDSON AND BERLYN TREE PHYSIOLOGY VOLUME 22, 2002
Figure 3. Absolute differences in reflectance between spectra measured immediately after cutting (t = 0 h), and at t = 24, 48 and 72 h after cutting, for (A) spruce and fir (t = 72 h only), (B) birch, and (C) mountain-ash. Spectra were obtained by subtracting the mean spectrum for each species at a given time period from the mean spectrum for that species at t = 0 h. Figure 4 . First-difference reflectance spectra for (A) spruce and (B) birch immediately after cutting (t = 0 h) and 3 days after cutting (t = 72 h). The first-difference spectra were calculated as described in Materials and methods. The peak in the first-difference spectra around 700 nm indicates the red edge inflection point.
situ or immediately after cutting; variance can be reduced by analyzing samples under controlled conditions. Minimization of water loss, through careful storage of leaf samples in a cool, moist environment, appears to be necessary to prolong the useful life of broadleaf samples. It may be possible to extend further the time window for reflectance and fluorescence studies of cut branches. For example, sweet basil (Ocimum basilicum L.) harvested in the evening and at night has almost twice as long a shelf life as that harvested during the day (Paull 1999) . Furthermore, studies with Fraser fir (Abies fraseri (Pursh) Poir.) indicate that it may be possible to prolong needle retention by immersing the ends of cut branches in a variety of solutions, such as MES (2-(N-morpholino)ethanesulfonic acid) buffer, sucrose solution, or even distilled water (Hinesley and Blankenship 1991).
Although our results were highly species-specific, and testing of individual species is recommended before the branch cutting approach is adopted, we suggest that the data have significant implications for ecophysiological field studies. It is considerably easier to cut branches in the field and make measurements in the laboratory than to make branch measurements in situ. Laboratory studies of excised branches avoid such technical difficulties as how to dark-adapt branches in the field, how to access the upper crowns of trees in remote field sites, as well as the need for a portable reflectometer. Furthermore, cutting tree branches with a pole pruner allows for rapid and intensive sampling. Reducing water loss during the period between branch cutting and laboratory analysis is critical and can be done effectively with moist paper towel and plastic bags. We conclude that the effect of branch cutting on the measured indices is likely to be small if measurements are made on the same day that samples are collected.
TREE PHYSIOLOGY ONLINE at http://heronpublishing.com REFLECTANCE AND FLUORESCENCE OF CUT BRANCHES 505 Figures 5B and 5D , respectively, and are included for comparative purposes. In other treatments, water loss was minimized by keeping the samples wrapped in moist paper towel. "Not iced" samples were wrapped in plastic and "iced" samples were wrapped in plastic and kept in a cooler containing ice water.
